Abstract. Portland cement can be mixed with sand to improve its mechanical characteristics. Considering the inherent anisotropy of most sands, it is not clear whether the added cement shall contribute to equal increases in strength and sti ness in vertical and horizontal directions or not. Literature review reveals that all the previous experimental studies on the cement-treated soil topics are limited to conventional triaxial device test results. The e ect of cement addition to clean sand in more sophisticated stress-path controlled devices like \Simple Shear Apparatus" (SSA) and \Hollow Cylinder Apparatus" (HCA) for simulating more realistic loading conditions, such as earthquake, have not been investigated yet. This paper presents innovative methods for testing arti cially cemented sands through making modi cations to the loading platens, specimen molds, and specimen preparation methods of SSA and HCA. Undrained tests under di erent monotonic stress paths were carried out on di erent mixtures of Portland cement with clean sand to investigate the e ect of principal stress rotations. The test results revealed that the cement mixture reduces the anisotropy, while it improves the mixture mechanical properties compared to the compacted uncemented sand.
Introduction
One of the important geomechanical aspects in relation to granular soils, like sand that causes major variations in the soil behavior characteristics, such as strength and deformation parameters, is cementation. In geotechnical engineering, study of cementation is signi cant with regards to: (1) its e ect on shear strength and soil behavior of natural cemented deposits, and (2) application of cementing materials in the treatment of weak soils. Using the soil-cement mixture method has proven successful in various projects such as construction of the base layers of highway pavements, slope protection of earth dams, constructing load-bearing layer beneath shallow foundations, reducing sand liquefaction risks, and achieving signi cant reduction in the earth pressure behind retaining walls.
Review of literature reveals that extensive experimental research has been conducted in studying the behavior of treated sands with Portland cement; however, they have all been performed using triaxial devices. A few examples include Dupas and Pecker [1] , Haeri et al. [2] [3] , Hamidi and Haeri [4] , Schnaid et al. [5] , Consoli et al. [6] [7] [8] [9] [10] , Rotta et al. [11] , and Malandraki and Toll [12] . To study the behavior of clean sands under cyclic loads like earthquake, SSA simulates more realistic stress states. Extensive studies have been reported on monotonic and cyclic behavior of sands using various types of SSA (e.g., Boulanger et al. [13] , Vaid and Finn [14] , Dyvic et al. [15] , and Ishihara and Yamazaki [16] ). However, no study has been reported in literature using SSA to evaluate the behavior of cemented sands. One reason might be the di culty in establishment of complete at-rest K 0 condition at the interface of the sample mold vertical edge with prefabricated specimens. The second reason is the shortcomings associated with non-uniform stress distributions in SSA specimen during loading.
Moreover, considering the anisotropic behavior of clean sand under di erent stress paths, various advanced laboratory apparatuses, like (torsional) Hollow Cylinder Apparatus (HCA), have been developed to capture the anisotropy e ects. Such studies mostly focus on the rotation of principal stresses ( parameter) and intermediate principal stress parameter (b) (e.g. Vaid et al. [17] , Yoshimine et al. [18] , Yang et al. [19] , Bahadori et al. [20] , Kumruzzaman and Yin [21] , Sivathayalan et al. [22] , Baziar and Shara [23] , Baziar et al. [24] , Jafarian et al. [25] , and Keyhani and Haeri [26] ). Considering that the studies on cemented sands have mostly been limited to triaxial and direct shear devices, evaluation of the arti cially cemented sand behavior in more sophisticated apparatuses, such as HCA, capable of simulating anisotropy in a wide range of values would be signi cant as it demonstrates the e ect of added cement on the anisotropic mechanical behavior of the base soil.
The main obstacle in conducting SSA and HCA tests on cemented sands was how to prepare the specimens and whether the existing loading platens and molds were capable of performing the tests. It was soon found out that the conventional molds for preparing clean sand were not suitable to prepare and test arti cially cemented sand specimens. Therefore, modi cations were required.
This research deals with description and proposal of new and repeatable methods of arti cially cemented sand specimen preparation for testing in SSA and HCA systems. Through time consuming stages and by trial and errors, modi cations were made to SSA and HCA and their loading system as well as the specimen molds in order to allow for testing the cemented specimens. The e orts eventually led to developing new methods and procedures of performing the tests on the arti cially cemented specimens in SSA and HCA.
The details of specimen preparation for cemented sands are presented for both SSA and HCA rst, followed by some preliminary test results to highlight the e ects of the principle e ective stress rotation on the sand-cement mixture behavior.
Apparatuses

Simple Shear Apparatus (SSA)
The Simple Shear Apparatus (SSA) developed at Amirkabir University of Technology (AUT) was used in this research. The specimen container in this apparatus could be of NGI reinforced membrane type or Japanese annular ring type (Ishihara type).
Hydraulic jacks are controlled by an advanced closed-loop system, either load-controlled or displacement-controlled, utilizing a servo system to apply the tangential and normal loads to the specimen. Total of two load cells were used, with a capacity of 25 kN in the vertical and 13 kN in the horizontal directions. Two LVDTs with strokes equivalent to 25 mm were used to measure the vertical and horizontal displacements.
Due to the problems the previous researchers (e.g., Boulanger and Seed [27] ) encountered, the proposed method by Vaid and Finn [14] might be used to assure a better precision. The problems with former studies were mainly because of the e ect of excess pore water pressure in the simple shear specimen. The Vaid and Finn method simulates the boundary conditions of the undrained test along with the assumption of \constant volume". An air-dried sand specimen would be su cient to use. In this method, if one can maintain the plan view cross section and vertical strains of the specimen constant (so-called \constant height" or \constant volume") during application of the shear, saturation of the specimen would no longer be required. This methodology has been evaluated by other researchers such as Dyvik et al. [15] ; their results showed to have minor di erences with the results of the actual undrained tests.
Hollow Cylinder Apparatus (HCA)
The available fully automated Hollow Cylinder Apparatus (HCA) at AUT soil dynamics lab was used in this study. This apparatus had digital closed-loop control servo motors equipped with 5 independent paths of imposing the force for application of the torque, vertical load, inner pressure, cell pressure, and backpressure, all of which were controlled hydraulically with oil pressure.
The apparatus had the capability of applying a torsional load in the order of 225 N.m and an axial force up to 100 kN for the range of cyclic loads in either of HCA-100 (outer diameter of 100 mm) or HCA-150 (outer diameter of 150 mm). Also, con ning pressure, pore pressure/back pressure, and internal pressure of up to 1000 kPa might be controlled by servos. Having an angular deformation sensor with deformation amplitude of 25 for measuring large shear strains up to 40 was another capability of the AUT-HCA. Stroke of LVDTs, which was used in this apparatus, was 100 mm.
Materials
Firoozkuh F161 crushed clean sand was selected as the base soil. This silica sand, which is classi ed as SP in the USCS, is a commercial arti cially crushed sand with sub-angular to angular grains and is completely well-known and documented in the academic research of Iran (e.g., [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ). Physical properties of the base soil are presented in Table 1 and the grain size distribution curve is shown in Figure 1 .
The amounts of cement added to the SSA specimens were 1.5, 3, and 5% of the sand weight and 3% for HCA specimens. Since study of the e ects of cement adding is mainly aimed at improvement of the behavior of loose sands, the nal relative density (D r ) of the base soil specimen was selected approximately 10 to 15%, based on which the densities of specimens were calculated. However, given that adding the small cement grains would increase the initial density of specimen, in accordance with the methods proposed by Ismail et al. [30] and Consoli et al. [10] , the weight ratio of cement to clean sand was determined such that the nal density of all treated specimens with cement was constant and equivalent to the density of the base soil specimens.
Specimen preparation method
All specimens in this research were made using wet tamping method. In order to obtain specimens of uniform density in height, all specimens were made using the under-compaction method with reduced density in accordance with the method proposed by Ladd [31] . For a better bonding between various layers, the former compacted layer surface was scratched after reaching the intended height. This way, a better bonding was provided with the subsequent layer at their joint surface. Cement treated specimens were made by adding a pre-de ned percentage of cement to the weight ratio of the base soil, dry mixing by hand, and nally adding the required moisture and remixing in identical layers. The required moisture is calculated as the moisture required for compaction of clean sand grains at a speci ed energy level and known compaction level (w = 5% in all specimens) plus the net required amount of water for just hydration of cement grains equivalent to W/C of unity. However, 1 ml of water was added to the mixture of each layer to compensate for the water evaporation e ects due to friction heat and absorbing by the batching container side wall during mixing. The cement treated specimens in all tests were placed into molds without application of surcharge loads and then kept in water-proof bags (to prevent evaporation of the moisture inside the specimen) for 28 days in a moist environment (water bathtub). More details of sample preparation for each of the devices are presented in the following subsections.
SSA Specimens
The molds known as the Japanese method [16] were used for testing the specimens of the base soil. In this type of mold, the soil specimen is placed in a rubber membrane, which is laterally con ned by a set of thin aluminum rings (2 mm thick here). The diameter and height of simple shear specimens were 71 mm and 20 mm, respectively. The reasons behind choosing this height were to minimize the e ects of rocking motion and errors associated with them, to comply with the limitations of ASTMD6528-00 standard, and to satisfy the minimum required height.
Considering that the base soil specimen is compacted in the space con ned by the aluminum rings, atrest K 0 condition is ensured with a good precision. In addition, these rings provide the plane strain condition (vertical boundaries remain planar and area is constant during shearing), which is one of the main conditions of the simple shear test. Moreover, upper and lower platens, which are in contact with the surfaces of the base soil, are serrated in AUT-SSA to ensure su cient friction and no sliding along the boundary surfaces of shear application, provided that they penetrate into the specimens.
To satisfy the above required boundary conditions during vertical and shear load application to the cemented specimens, the mold and specimen loading accessories need to be modi ed. The problematic condi-tions that could not be resolved if the same accessories of the conventional SSA are used are: a) Sliding between the upper and lower surfaces of prefabricated cemented specimens and the apparatus loading platens; b) Lack of ful llment of at-rest condition.
The rst problem is due to surface hardness of the cemented specimens, which prevents the serrated surfaces of the top and bottom platens to penetrate into the specimen and, thus, a signi cant sliding is observed between the contact surfaces. The second problem results from the precast nature of specimens in which the diameter must be exactly equal to the inner diameter of the space con ned between the rings and rubber membrane inside the rings. The specimen diameter needs to be adjusted in casting in such a way that no space would be left between sidewalls of the specimen and the con ned space. This is expected to provide the complete at-rest K 0 condition.
The modi cations to overcome the aforementioned problems are presented in the next section.
HCA specimens
HCA specimens were 200 mm high with inner and outer diameters of D i = 50 and D o = 100 mm, respectively. The D O D i in this study was relatively high and it might cause the stress distribution in the horizontal cross section of the specimen to be slightly non-uniform. However, as the main objective was comparison between the behavior of cemented and uncemented specimens, the e ect could be negligible. Pedestal and loading cap of the hollow cylinder specimens used for application of torsional torque had blades with a protruding length of 4 mm, which were devised to provide the upper and lower xity of specimens against rotation.
Preparation of the cemented specimens required developing new molds and making use of new provisions. As for the simple shear specimens, providing the conditions of complete xity and no sliding between the loading platens and precast specimens was the most important issue in construction of molds and arti cially cemented specimens. On the other hand, convenience and repeatability of intact removing of the specimens from the long molds (compared to SS specimens) should be maintained.
5. Modi cations of specimen preparation methods 5.1. Cemented simple shear specimens
To resolve the problem of sliding between the two ends of specimen and top/bottom platens, the pedestal and the top loading caps were modi ed along with the support conditions of the ends of specimens. To perform this, the height of specimens was increased to 50 mm so that 12 mm of both ends of the specimen in the upper and lower ends would be xed by penetrating into the steel rings connected to the pedestal and cap, and the remaining 26 mm of the specimen was subjected to shear loading as the e ective height. More details of modi cation are presented by Eghbali and Fakharian [32] .
The solution to the second problem, to provide the complete all-around pressure and at-rest K 0 condition, was more challenging. The inner diameter of steel rings, which provided the xity at both ends of the specimen (connected to the new modi ed cap and pedestal), was reduced to the inner diameter of the existing 2-mm thick aluminum rings. Then, a trial and error procedure was performed to adopt the best method for preparing prefabrication split molds, details of which are presented by Eghbali & Fakharian [32] and Eghbali [33] .
In brief, it can be expressed that construction of cemented specimens was performed using aluminum as the split mold material and, then, a chemically nonreactive rubber \talcose" coating was applied inside the mold. Figure 2 shows a specimen at failure with 5% of cement. The shear line drawn on the specimen shows an approximate angle of 38 within the horizontal xity boundaries, complying quite well with the behavior of brittle materials under shear loading [34] . This indicates a rather complete development of failure planes through the specimen.
Cemented HCA specimens
According to the previous experiences from SSA cemented specimens to prevent formation of chemical bonding between cement and metal parts, all the pieces in HCA specimens including caps, external mold, and the six-piece internal mold (except the middle bolt, which was made of stainless steel) were made of Te on. The appearance of various parts of this mold was similar to that of the accessories required for making specimens of the base soil.
The caps at both ends of the mold were similar to the pedestal of cell in that they had eight blades made of stainless steel, 2 mm thick, with 4 mm protrusion.
It is worth mentioning that to ensure a successful intact removal of specimen in this try, a thin nylon cover was used on the ending caps. Figure 3 shows a photograph of specimens made using this method, which were removed safely and soundly from the mold and tested successfully.
Specimens were cured inside cellophane waterproof bags under the water level in a special tank. After this stage, the test was conducted on the specimens under the condition of b = 0:5 and constant values of 0, 22.5, 45, 67.5, or 90 for static tests and = 45 for the cyclic tests.
After plotting the results and evaluation of recorded images and observations during loading, and giving attention to the shape of the slip planes of specimens, another problem was revealed. In cemented specimens with = 45 and = 67:5 , a lower strength was reached than the real strength in the middle parts away from both ends. In these cases, the major principal stress angle is such that the upper and lower horizontal planes of the specimen are subjected to a high shear stress, which is due to the stress concentration and weaker connection zones between the specimen and the steel blades in these planes. Hence, the results obtained are merely valid up to the failure initiation of the torsional connection with the pedestal and cap (Figure 4) .
To resolve the recent problem, which was due to the high strength of cemented specimens, two solutions were proposed. As the rst solution, with this assumption in mind that increasing the height of blades and hence deeper penetration into the specimen could result in a more extensive slip surface (similar to an inverse shear key), the height of mold and cell blades was increased by 6 mm so that they could penetrate 10 mm into the specimen. Figure 5 shows the new blades in comparison with the initial blades.
Cemented specimens were made according to the new method and tested after the curing period. Unlike what was expected, increasing the penetration depth of blades did not help with improving the situation in question. Contrarily, more di culties were encountered during removal of specimens from the mold, which were due to a more contact area with the blades at the ends of the mold; this resulted in the damage to approximately 75 percent of specimens, making them unsuitable for testing.
As the second and last solution, strengthening the specimen by itself at two ends was considered. To do so, the added cement to the upper and lower ends of the specimen in the length of 10 mm was increased from 3% to 8%, while the cement amount in the remaining 180 mm of the specimen was constant at 3%. New specimens were re-prepared using the initial blades with only 4 mm of penetration and, then, used for conducting the static tests with = 45 and 67.5 , and cyclic tests with = 45 . This method worked successfully.
To survey the di erence among the performances of ending regions in three di erent methods of making the specimens, a sample stress path plot is shown in Figure 6 . As it may be seen, only the specimen constructed using the method of strengthening through \highly cemented endings" had the expected behavior (dilation behavior and higher strength than that of the base soil). The result of the rst solution (longer blades) also showed to be far away from expected. Figure 7 shows photographs of the recently made specimens using the second solution after removal from the mold and completion of the test. As it may be seen in Figure 7(b) , the torsional slip plane of the specimen What should be noted here is the evaluation of the e ect of increasing the cement ratio in the upper and lower ends on the strength of the specimen. It should be considered that strengthening the upper and lower ends of the specimen contributes to decreasing the total axial deformation and increasing merely the local axial strength (top and bottom ends), which, due to uniform stress transferring mechanism to middle sections of the specimen, shall not have any impact on total ultimate axial strength. In addition, existing equations for HCA data interpretation [17, 19, 21] indicate that the axial force and axial stress are equal to zero under loading conditions of = 45 , and have a small amount for loading at = 67:5 , which is even in reduction side of the axial pressure in the latter case. Therefore, the major part of the shear stress imposed on the specimen results from application of the torsional moment. Hence, while the e ect of specimen non-uniformity on the torsional strength at angles = 45 and = 67:5 may be neglected with a good approximation, its e ect on the behavior of specimens loaded at = 0 , = 22:5 , and = 90 , in which the axial load and vertical stress have signi cant values, should be considered.
Under these conditions, equilibrium equations and strength of material relations show that the applied torsional moment will be identically transferred to the mid-height sections of the specimen.
Taking all the above provisions into consideration, cemented HCA specimens under = 0; 22:5, and 90 loading conditions were made using the ordinary method, while the method of highly cemented endings was employed for = 45, 67:5 as well as for cyclic loadings.
Sample test results
In this section, sample results of the conducted monotonic tests on cemented specimens are presented. Results relating to the clean sand are also given to allow for comparison of the cement e ect on the behavior of silica sand.
Simple shear tests
Results of a monotonic test at constant volume (equivalent to undrained condition) on clean sand and 1.5, 3, and 5% cemented sands under initial surcharge pressures of 100 and 200 kPa with initial relative density of approximately 10 to 15% are shown in Figure 8 (a) and (b), respectively. In the legend of graphs from left to right, relative density, cement ratio, and initial vertical surcharge load of the specimens are shown, respectively. Signi cant increase in the strength of cemented specimens even at low cement contents (1.5%) is evident, which is indicative of the proper construction and testing method of cemented specimens.
As it may be seen in these plots, behavior of specimens with 5% cement (high cement content) had a pronounced peak point, after which post-peak softening might be clearly observed. These observations are attributed to the fact that increasing the amount of Portland cement causes the specimen to show more brittle behavior.
Another point which should be noticed is the signi cant di erence considered in the behavior of specimens without cement in comparison with cemented specimens, which had two completely di erent stresspath conditions. The uncemented clean sand exhibited compressive response whereas all the cemented specimens dilated during shearing.
HCA Tests
Results of conducting the monotonic test on clean sand specimens and 3% cemented specimens with a relative density of approximately 10 to 15%, which were consolidated at con ning pressures of 100 and 200 kPa and loaded under = 0, 22.5, 45, 67.5, or 90 and b = 0:5 conditions, are shown in Figures 9 to 12 . In the legend of graphs, as shown from left to right, rotation angles of the major principal axis to the vertical ( ), cement ratio, and con ning pressure of specimens are speci ed, respectively.
It can be observed as a general rule that the strength of specimens decreases with increase in , while the strength of cemented specimens is much higher than that of clean sand specimens. Unlike clean sand specimens, cemented specimens also showed dilative behavior at all angles of . Moreover, close attention to these plots reveals that adding cement will cause the stress paths related to various angles of to become more convergent, as shown in Figures 10(a) and 12(a) .
It should be noted that extensive experiments were made pursuant to this research using the SS and HCA apparatuses, indicating that adding Portland cement would reduce the inherent anisotropy of sands as a general rule [33] .
Conclusions
Modi cations were made in the specimen preparation assembly, molding system, and loading platens of the \simple shear" and \hollow cylinder" apparatuses through an elaborated trial and error process. Specimen molds for preparing clean uncemented granular soils were substantially modi ed and new methods of making arti cially cemented specimens for testing in SSA and HCA systems were innovated and introduced. The most important ndings of the study are summarized as follows:
1. To prepare arti cially cemented specimens, various methods were suggested and tried on the basis of which practical methods were nally proposed for each of the SSA and HCA systems; 2. In all the evaluated methods, the emphasis was on two issues: a) intact removal of the cemented specimens from the precast molds with the required shape and dimensions after the curing period, and b) preventing the sliding between specimen surface and loading platens (top and bottom) to develop full strength of cemented specimens to achieve a general shear failure condition (instead of local failure along the contact surfaces of loading platens and specimen); 3. In SSA specimens, using metal rings around the top and bottom of the specimen to ensure anti-rotation connections and using aluminum split molds with a rubber talcose coating inside the mold, which was chemically non-reactive, were the solutions to cemented specimen preparations; 4. In HCA specimens, the most important innovation was strengthening both ends of the specimens by adding more cement to ensure that local failure would not occur near the contact surfaces; 5. Signi cant increase in strength of cemented specimens compared to the base soil and development of shear bands in 3 and 5% cemented specimens indicated the proper preparation and shearing of cemented specimens in both SSA and HCA systems; 6. The uncemented clean sands exhibited compressive response, whereas all the cemented specimens dilated during shearing; 7. Generally, the strength of both uncemented and cemented specimens decreases with increase in , while the strength of cemented specimens is much more than that of clean sand specimens. Unlike clean sand specimens, cemented specimens show dilative behavior at all angles;
8. Adding cement causes the stress paths relative to various angles to become more convergent. This is an indication that the cement mixture reduces the anisotropy of the sand-cement mixtures.
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